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Abstract 8 
 9 
Three absorption systems with origin at 354, 497 and 528 nm were detected after mass-selected 10 
deposition of H2C6O
+ in a 6 K neon matrix. The ions were formed by the reaction of C2O with 11 
HC4H
+ in a mixture of C3O2 and diacetylene in a hot cathode source, or by dissociative ionization 12 
of tetrabromocyclohexadienone. The 497 and 354 nm systems are assigned to the 1 2A'' ← X 2A'' 13 
and 2 2A'' ← X 2A'' electronic transition of B+, (2-ethynylcycloallyl)methanone cation and the 14 
528 nm absorption to 1 2A2 ← X 
2B1 of F
+, 2-ethynylbut-3-yn-1-enone-1-ylide, on the basis of 15 
calculated excitation energies with CASPT2. 16 
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 35 
 36 
1. Introduction 37 
Production of oxygenated hydrocarbons in interstellar clouds is a challenging issue in 38 
astrochemical research. Though oxygen has a cosmic abundance similar to carbon, the number of 39 
oxo-organic species detected in interstellar and protostellar regions is smaller than 40 
hydrocarbons.1-4 A reason is that oxygen is locked up in the oxides of carbon, silicon and 41 
refractory metals, and CO is the most abundant molecule, after H2, in space.
5-10  42 
One of the ways to produce oxygen containing species in the interstellar medium (ISM) is 43 
radiative association of atomic oxygen with hydrocarbons.2 An example of this could be 44 
cyclopropenone c-H2C3O which has been detected in Sagittarious B2(N),
11 a region where 45 
cyclopropenylidene c-C3H2 has also been observed. Recently, the larger abundance of long chain 46 
hydrocarbon anions in denser clouds has been attributed to the depletion of oxygen atoms. 47 
Postulated reaction models suggest that these anions react with oxygen atoms and form 48 
oxygenated hydrocarbon and carbon oxides.12 Carbon monoxide is also taken into account for 49 
the formation of oxygenated species in the ISM via radiative association reactions.13  50 
In this context, reactions of some astrochemically relevant ions as C4H
+, C4H2
+, C4H3
+, 51 
C5H
+, C6H
+ with CO and O2 were studied by the selected-ion flow tube technique. All of these 52 
species reacted with CO giving mono-oxygenated hydrocarbon cations.13 HCO+, HCO2
+, H3CO
+ 53 
are the only three oxygen containing hydrocarbon cations detected so far in the ISM by 54 
radioastronomy.14-17 In the laboratory several mono-oxygenated hydrocarbons HCnO n = 1 – 7 55 
were studied by microwave spectroscopy.18-22 Few oxides of carbon chains are studied in rare 56 
gas matrices as well 23,24 but spectroscopy of oxygenated hydrocarbon cations is unknown. 57 
In this contribution the electronic absorption spectra of H2C6O
+ trapped in 6 K neon 58 
matrices are presented and assigned to two isomers on the basis of calculated excitation energies 59 
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using the CASPT2 method. These mono-oxygenated hydrocarbon cations are formed via a 60 
reaction of C2O with hydrocarbon cations in the discharge source.  61 
2. Experimental 62 
 63 
2.1 Production of Ions 64 
 A 1:1 mixture of carbon suboxide and diacetylene diluted with helium was used to produce 65 
H2C6O
+ in a hot discharge source. Pure C3O2 or HC4H does not yield the m/z=90 peak in the 66 
mass spectrum but it appears in their mixture (Figure 1, green trace). The C2O
+ and CO+ 67 
fragment ions are present in the mass spectrum of C3O2 (Figure 1, red) and in the mixture with 68 
HC4H. H2C6O
+ can be formed in the source by insertion of the C2O
+ fragment into HC4H, or 69 
C2O into HC4H
+. As HC6H
+ is present in the mass spectrum of diacetylene, as well as in the 70 
mixture with carbon suboxide, formation of H2C6O
+ could also proceed via reaction of CO/CO+ 71 
with HC6H
+/HC6H. However, this is excluded because the m/z=90 cation was not observed with 72 
a CO/HC4H mixture under similar condition whereas the mass peak of HC6H
+ was intense. It 73 
was found that the intensity of the C2O
+ and H2C6O
+ ions produced under different discharge 74 
conditions are correlated, suggesting that the formation of H2C6O
+ depends on the production of 75 
C2O
+. H2C6O
+ was also produced from a vapor of 2, 4, 4, 6-tetrabromo-2,5-cyclohexadienone 76 
(TBrC).  77 
2.2 Matrix Isolation Spectroscopy 78 
 The method used combines mass-selection with matrix isolation spectroscopy.25 Ions produced 79 
in the source are extracted by electrostatic lenses and then deflected 90◦ to eliminate neutrals. 80 
The m/z=90 cations are selected in a quadruple mass filter and subsequently co-deposited with 81 
neon (containing trace of chloromethane in a ratio 1:20000) on a sapphire plate coated with 82 
rhodium held at 6 K. CH3Cl captures free electrons emitted from metal surfaces by impact of 83 
ions, diminishing the neutralization of cations and reducing the space charge. CH3Cl breaks into 84 
CH3
• and Cl- by dissociative electron attachment, but these species do not interfere with the 85 
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absorption measurements in the visible and ultraviolet regions. Ions were also deposited in neon 86 
without CH3Cl to obtain a higher concentration of neutrals. The growth of the matrix to 100-150 87 
µm thickness is controlled by observing light transmittance. 88 
Spectra were recorded in the 250-1100 nm range by 60 nm overlapping sections. Halogen 89 
and high pressure xenon arc lamps were used as sources and light after travelling through the 20 90 
mm length of matrix was collected by optical fibers and transferred to the entrance slit of the 91 
spectrograph, wavelength dispersed and recorded by the CCD cameras. 92 
 93 
3. Computation  94 
Several structures (shown in chart 1) can be expected for H2C6O
+ formed via ion – 95 
molecule reactions between C2O and HC4H
+, C2O
+ / HC4H or fragmentation of TBrC. The 96 
ground state geometries of nine plausible structures (A+ - I+) were optimized using the MP2 97 
method with the cc-pVTZ basis set with the Gaussian 09 program.26  The ground state vibrations 98 
were calculated for each molecule to find real minima. The most stable is isomer A+; B+, C+, D+, 99 
E
+ and F+ lie 40 - 60 kJ/mol and G+,  H+, I+  140 - 265 kJ/mol to higher energy. Among the 100 
neutral counterparts structure C is the global minimum and D is less stable by 8 kJ/mol. 101 
The equilibrium coordinates obtained from the MP2 method were refined with the second 102 
order multi-configurational perturbation theory (CASPT2) implemented in the Molcas 103 
software.27,28 The CASPT2 calculations to obtain the ground - state geometries of the H2C6O
+ 104 
isomers were carried with the 9 / 9 active space. These coordinates were used for the prediction 105 
of vertical electronic excitation energies. The calculations with a larger active space (11 / 11) 106 
used the multi – state (MS) CASPT2 option, with wave functions optimized for the average 107 
energy of eight roots. Vertical excitation energies of B and F were also obtained at the MS-108 
CASPT2 level with a 12 / 12 active space.  109 
 110 
 111 
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4. Results and Discussion 112 
Moderately intense absorptions are detected in the 320─530 nm region (Figure 2, upper 113 
traces) after trapping in neon mass selected H2C6O
+
 produced from a 1:1 mixture of C3O2 and 114 
diacetylene. Two groups of bands, which differ in width, are apparent in the spectrum. The 115 
narrower features start around 528, 362 and 329 nm and broader ones at ~ 497 and ~ 354 nm. 116 
The 362 and 329 nm absorptions are 2 2Πg ←X 
2
Πu and 3 
2
Πg ←X 
2
Πu transitions of l-HC5H
+.29 117 
These have been measured in an earlier study and are shown in the red trace of Figure 3 with the 118 
absorptions detected after deposition of H2C6O
+ in black. The traces were scaled to the intensity 119 
of the 362 nm band. The HC5H
+ cation is produced in the matrix as a result of collisionally 120 
induced fragmentation of H2C6O
+ during deposition. 121 
The matrix was exposed for 20 min to UV light (λ > 260) nm resulting in the detachment 122 
of electrons from Cl- and neutralization of cations. The spectrum obtained is shown as the lower 123 
traces Figure 2. The absorptions starting at 528, 497 and 354 nm almost disappeared whereas the 124 
ones of HC5H
+ reduced.  The HC5H
+ bands behave in a regular way under UV irradiation – their 125 
intensity decreases because of neutralization – whereas for the new absorptions additional decay 126 
channels are open: isomerization or/and fragmentation. No new peaks appeared after UV 127 
irradiation. H2C6O
+ ions were also deposited in a pure neon matrix but only a weak absorption at 128 
528 nm was detected. Deposition of ions without the CH3Cl scavenger favors trapping of neutral 129 
counterparts because of electron availability in the matrix. The behavior of the absorption 130 
features in Figure 2 under exposure to UV light indicates that they belong to photo - unstable 131 
isomer/s of H2C6O
+. Because the neutral counterparts of H2C6O
+ were not observed after 132 
photobleaching, or in pure neon, they do not have electronic transitions in the 250-1100 nm 133 
detection range, or these are weak. 134 
The excitation energies of the neutral counterparts of the observed cations were 135 
calculated with MS-CASPT2 to explain why their absorptions were not observed. The results are 136 
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collected in Table SI1 (SI =Supporting Information). As can be seen the strongest transitions fall 137 
in the UV range beyond the experimental detection range. 138 
H2C6O
+ was also produced from TBrC and deposited. The spectrum obtained consists of 139 
two broader features starting at 497 and 354 nm and a weak absorption at 528 nm (Figure 4, red 140 
trace). After irradiation (260─390 nm) the 497 and 354 nm absorptions diminish substantially, 141 
implying that they belong to the same H2C6O
+ isomer. The decay of the absorptions under such 142 
irradiation conditions is due to photo – instability of the cation, because neutralization is not 143 
efficient at these wavelengths.  144 
Use of different precursors for the production of H2C6O
+ established that two isomers 145 
contribute to the spectra (Figures 2 – 4). One has a weak transition in the visible (2.49 eV; 497 146 
nm) and a much stronger in the UV (3.51 eV; 354 nm). The second cation is characterized by the 147 
strong transition in the visible (2.35 eV; 528 nm) with resolved vibrational structure. 148 
Vertical excitation energies of nine H2C6O
+ isomers were calculated with MS-CASPT2 to 149 
assign the observed absorptions to specific species. The results for the likely candidates are 150 
collected in Table 1 and for the remaining ones in Table SI2. Among these only structures B+ 151 
and D+ can be responsible for the two absorptions at 497 and 354 nm. The calculations predict a 152 
moderately intense transition with energy 2.68 (f =0.024) and 2.60 eV (f=0.040)  and about a ten 153 
times stronger transition at 3.68 and 3.67 eV for B+ and D+, respectively. The oscillator strengths 154 
are in accord with the intensities of the 497 and 354 nm systems. The vertical excitation energies 155 
overestimate the onsets of the observed systems by ~ 0.2 eV; calculated adiabatic values should 156 
match better with the experimental ones. As D+ lies only slightly higher in energy than B+, it can 157 
not be eliminated from consideration as the carrier.  158 
In contrast to isomers B+ and D+, for which the spectroscopic signature are the two 159 
electronic systems in the visible and UV, the carrier of the 528 nm system should possess only a 160 
single strong transition around 2.35 eV. Apart from isomers B+ and D+ four others: C+, E+, F+ 161 
and G+ have transitions in this region. The first electronic system of E+ at 2.45 eV is weak 162 
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(f = 0.006) and two stronger ones (f = 0.02 and 0.065) are predicted in the 3.1 - 3.3 eV range, in 163 
contrast to the observation. The first electronic transition of G+ is calculated at 2.26 eV with 164 
f = 0.085, the next one at 3.22 eV (f = 0.045), but it can be excluded as the carrier because its UV 165 
transition should also be detectable. Isomer C+ is also eliminated from consideration: although 166 
the 1 2A'' ← X 2A'' electronic transition at 2.51 eV is very strong (f = 0.2), an equally intense 167 
band at 3.92 eV is predicted, in contrast to the observation.  168 
Isomer F+ fulfils the criteria for the carrier of 528 nm system: a strong transition at 2.38 169 
eV (f=0.11) close to the observation (2.35 eV) and a non-detectable absorption in the UV. The 170 
next strongest transition of F+ is predicted at 5.58 eV (f=0.055), beyond the experimental 171 
detection range. Moreover, F+ during depositing with ~50 eV kinetic energy on solid neon can 172 
fragment to produce l-HC5H
+ and CO. The absorptions of l-HC5H
+ are detected (Figure 2).  173 
Therefore the 528 nm system is assigned to the 1 2A2 ← X 
2B1 transition of F
+. A well resolved 174 
vibrational structure is apparent in the spectrum and results from the excitation of the ν7, ν6 and 175 
ν3 vibrational modes and their combinations. The assignment is based on the harmonic 176 
frequencies calculated for the ground state of F+ with the DFT method using the B3LYP 177 
functional and cc-pVTZ basis set (see Table 2). 178 
The reactants which lead to the formation of H2C6O
+ are C2O and HC4H
+, and/or C2O
+ 179 
with HC4H, as both cations were observed in the mass spectrum of the precursor. The ionization 180 
potential (IP) of diacetylene is 10.17 eV,30 but the experimental value for C2O is unknown. 181 
Therefore the IPs of HC4H and C2O were calculated using the CCSD(T) method for the 182 
geometry optimized at the CCSD level leading to 10.08 eV for HC4H and 10.81 eV for C2O. 183 
Hence, the most probable way of H2C6O
+ production is the reaction of C2O with HC4H
+. The 184 
reactions of C2O
+ with diacetylene, as well as C2O with HC4H
+, are exothermic. The calculated 185 
enthalpy of the reaction between C2O with HC4H
+ is 539 kJ/mol at the MP2/cc-pVTZ level of 186 
theory. C2O in the 
3Σ‾ ground state is a reactive biradical with two electrons on the terminal -187 
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carbon atom. C2O attacks the electrophilic center of HC4H
+ which is located on the middle 188 
carbon atoms (Table SI3). 189 
In the case of the reaction C2O
+ with HC4H, a charge - exchange is likely the first step. 190 
C2O
+ in the 2Π ground state possesses an unpaired electron on the terminal carbon atom and 191 
reacts as a radical.  The preferred site of reaction of C2O
+ with diacetylene is on the 192 
electronegative carbon atom adjacent to the hydrogen atoms (Table SI3).  193 
On the basis of the calculated vertical excitation energies and the oscillator strengths 194 
(Table 1) as well as the ground state stabilities (Chart 1) of B+ and D+, one cannot firmly deduce 195 
the carrier for the 497 and 354 nm absorptions. However, the structure of B+ produced via 196 
dissociative ionization of TBrC is analogous to that of the C6H4
+ isomer: three carbon – member 197 
ring with aliphatic chain (T+) generated from 1,2-dibromobenzene under similar discharge 198 
condition.31 MS-CASPT2 calculation predicts strong electronic transition (f=0.2) at 4.45 eV 199 
(280 nm) for neutral D which was not observed (See Table SI1). Thus, the 497 and 354 nm 200 
systems are assigned to the 1 2A'' ← X 2A'' and 2 2A'' ← X 2A'' electronic transitions of B+.  201 
 202 
5. Conclusions 203 
Two isomers of H2C6O
+ (2-ethynylcycloallyl)methanone cation B+ and 2-ethynylbut-3-204 
yn-1-enone-1-ylide, F+ were produced in a hot cathode discharge source from a mixture of 205 
carbon suboxide and diacetylene. The reactions between C2O and HC4H
+, or C2O
+
 and HC4H, 206 
are exothermic. They should be considered in the astrophysical models as a way of incorporation 207 
of oxygen into the hydrocarbon moieties.  Three absorption systems starting at 528, 497 and 208 
354 nm are detected following deposition of H2C6O
+ in a 6 K neon matrix. These are assigned to 209 
the 1 2A2 ← X 
2B1 electronic transition of F
+, and 1 2A'' ← X 2A'' and 2 2A'' ← X 2A'' of B+, on 210 
the basis of mass-selection, the cationic nature and the calculated excitation energies with the 211 
CASPT2 method. The B+ and F+ isomers were found unstable under 260─390 nm photon 212 
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exposure. Oxygenated hydrocarbons and their ions, such as H2C6O
+, are likely reactive 213 
intermediates in combustion, and the present spectroscopic data provide the means to monitor 214 
them in situ via their electronic absorptions and can serve as starting point for the gas phase 215 
study.  216 
 217 
Acknowledgement: This work was supported by the Swiss National Science Foundation 218 
(project 200020-124349/1). 219 
Supporting Information 220 
Tables contain calculated excitation energies of five cation and three neutral isomers and also 221 
Mulliken charges and spin densities of HC4H/ HC4H
+ and C2O/C2O
+. This material is available 222 
free of charge via the Internet at http://pubs.acs.org. 223 
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 248 
 249 
Figure 1. Mass spectra of C3O2 (red), HC4H (black) and 1:1 mixture of C3O2 and HC4H (green). 250 
The H2C6O
+ (m/z = 90) peak appeared upon mixing C3O2 and HC4H. 251 
 252 
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 255 
 256 
                                                                                        257 
 258 
 259 
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 260 
 261 
 262 
 263 
Figure 2. Electronic absorption spectra recorded after deposition of H2C6O
+ produced from a 1:1 264 
mixture of C3O2 and diacetylene (upper traces) and after 20 minute irradiation with λ>260 nm 265 
photons (lower traces). Bands denoted by * belong to C2
+.  266 
 267 
 268 
 269 
 270 
 271 
 272 
 273 
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 274 
 275 
 276 
 277 
Figure 3. Electronic absorption spectra recorded after deposition of H2C6O
+ generated from a 278 
1:1 mixture of C3O2 and diacetylene (black), and after deposition of HC5H
+ produced from 279 
diacetylene (red). The spectrum of HC5H
+ is normalized to the intensity of the 362 nm band. 280 
 281 
 282 
 283 
 284 
 285 
 286 
 287 
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 288 
 289 
Figure 4.  Electronic absorption spectrum of H2C6O
+ obtained after deposition of m/z = 90 ions 290 
produced from 2, 4, 4, 6-tetrabromo-2,5-cyclohexadienone (TBrC) – red, and after 20 min. 291 
irradiation with 250 - 390 nm photons – black.  292 
 293 
 294 
 295 
 296 
 297 
 298 
 299 
 300 
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Chart 1. Structures and relative ground state energies (kJ mol-1) of H2C6O
 cations (bold) and 301 
neutrals (italic), calculated with the MP2 method and cc-pVTZ basis set. Bond lengths (Å) 302 
correspond to the optimized cation geometries. 303 
 304 
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Table 1. Excitation energies Ecal (eV) and oscillator strengths (f) of H2C6O
+ isomers calculated 324 
by the MS-CASPT2 method and comparison with the observations (Eobs). 325 
 326 
Species  Transitions  Ecal  f  Eobs 327 
 328 
    329 
B
+ (CS)              1 
2A'' ← X 2A''  2.68  0.024  2.49 330 
2 
2A'' ←  3.68  0.200  3.51 331 
3 
2A'' ←  5.32  0.100   332 
4 
2A'' ←  5.73  0.060 333 
 334 
D
+
 (CS)          1 
2A'' ← X 2A''  2.60           0.040   335 
                2 2A'' ←  3.67            0.49                  336 
                3 2A'' ←             4.16           0.0069  337 
                4 2A'' ←            4.44            0.0044  338 
               5 2A'' ←            4.70            0.015  339 
 340 
F
+ (C2V)   1 
2A2 ← X 
2B1 2.38  0.11  2.35 341 
2 
2A2 ←  5.58  0.051 342 
1 
2B1 ←  4.26  0.007 343 
2 
2B1 ←  5.30  0.27 344 
2 
2B1 ←  5.90  0.005 345 
 346 
 C
+ (CS)         1 
2A'' ← X 2A''  2.51             0.19          347 
    2 2A'' ←              3.92             0.17       348 
      3 2A'' ←             4.08             0.030  349 
     4 2A'' ←              4.47             0.15       350 
 351 
  352 
 353 
           354 
 355 
 356 
 357 
 358 
 359 
 360 
 361 
 362 
 363 
 364 
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Table 2.Absorption band maxima (±0.1nm) of electronic transitions of H2C6O
+ isomers B+ and 365 
F
+  in 6 K neon matrices and assignment based on MS-CASPT2 calculations. The vibrational 366 
interpretation of the F+ spectrum is based on the calculated ground – state harmonic frequencies 367 
(footnote). 368 
  369 
Species λ (nm)  ν (cm-1) ∆ν (cm-1) Assignment 370 
F
+  527.6  18954       0        000          1 
2B1 ← X 
2A2
 
371 
512.8  19501      547        ν7 372 
493.1  20280      1326       2ν6 373 
476.9  20969      2015       ν3 374 
465.0  21505      2551                  ν3 + ν7 375 
 376 
 B
+
 497.3               20109      0  000        1 
2A''← X 2A''  377 
353.6    28281        0                   000         2 
2A'' ← X 2A'' 378 
 379 
Totally-symmetric vibrations (cm-1) of F+ calculated with DFT using the B3LYP functional and 380 
the cc-pVTZ basis set: ν1 to ν7; 3412, 2276, 2169, 1198, 754, 669, 543, 121. 381 
 382 
 383 
 384 
 385 
 386 
 387 
 388 
 389 
 390 
 391 
 392 
 393 
 394 
 395 
 396 
 397 
 398 
 399 
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Mass spectra of C3O2 (red), HC4H (black) and 1:1 mixture of C3O2 and HC4H (green). The H2C6O+ (m/z = 
90) peak appeared upon mixing C3O2 and HC4H.  
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Electronic absorption spectra recorded after deposition of H2C6O+ produced from a 1:1 mixture of C3O2 
and diacetylene (upper traces) and after 20 minute irradiation with λ>260 nm photons (lower traces). Bands 
denoted by * belong to C2+.  
179x133mm (300 x 300 DPI)  
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Electronic absorption spectra recorded after deposition of H2C6O+ generated from a 1:1 mixture of C3O2 
and diacetylene (black), and after deposition of HC5H+ produced from diacetylene (red). The spectrum of 
HC5H+ is normalized to the intensity of the 362 nm band.  
179x133mm (300 x 300 DPI)  
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Electronic absorption spectrum of H2C6O+ obtained after deposition of m/z = 90 ions produced from 2, 4, 4, 
6-tetrabromo-2,5-cyclohexadienone (TBrC) – red, and after 20 min. irradiation with 250 - 390 nm photons – 
black.  
179x133mm (300 x 300 DPI)  
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